All-electric aircraft is a high priority goal in the avionics community. Both increased reliability and efficiency are the promised implications of this move. But thermal management has become a significant issue that must be resolved before reaching this goal. Advanced analysis technologies such as finite element method and intelligent control systems such as field oriented control are being used to better understand the source of the heat and to eliminate as much of it as possible. This paper addresses the motivation behind allelectric aircraft and gives an overview of some of the considerations in cooling, simulation and modeling, and control, with an example of one control scheme which is being developed. 
I. Introduction
here is focused deliberation respective to the replacement of hydraulic-based systems of aircraft to implement all-electric systems. 1 The impetus of this consideration is the expectation for improved overall efficiency for system performance, 2 more robust aircraft maintainability, enhanced subsystem mean time between failure (MTBF) reliability, reduction of holistic system weight, and greater cost savings. [3] [4] [5] [6] Electromechanical actuators (EMAs) can be used for the primary flight control surfaces of an aircraft including the ailerons, elevators, spoilers, and rudders. 7 EMAs can also be used for the propulsion system actuation and secondary functions such as landing gear and highlift devices. The primary purpose of this research is to transition current state-of-the-art EMAs into active replacements of existing hydraulic and pneumatic actuators.
One of the greatest hurdles to replacing hydraulic actuators on an aircraft with EMAs is the transient, localized heat generation of EMAs and electronic units (EUs). Heat dissipation is directly impacted by the absence of hydraulic fluid present in the system that was engineered for optimal heat mitigation. 8 Primary flight control surfaces are continually engaged throughout flight, thereby requiring critical attention to thermal management methodologies. Secondary actuators are employed on an intermittent basis, allowing for heat dissipation within an adequate time interval. In-flight events respective to high performance aircraft, such as high acceleration maneuvering loads, inverted flight, or supersonic flight extends the criticality of thermal management system designs for flight control EMAs. More generally, as the capabilities and complexities of aircraft systems depart from conventional in-flight operational conditions, thermal concerns require significantly more consideration. A resonant ideology within the avionics community is to integrate the aggregate of subsystems into a composite system largely reliant upon the optimized coupling of subsystems that will positively impact performance and resultant thermal footprints. The optimal composite aircraft systems are achieved through design prioritization assigning greater preference to thermal performance rather than component level weight, which has historically been a priority.
System optimization requires detailed understanding of component level physics which in the case of an EMA includes the highly transient thermal dynamics inside of actuator subsystems. Over-heating, both rapid transient and steady-state, is a critical issue that must be characterized and mitigated prior to engaging solutions to design challenges for newly developed next generation all-electric actuators. Research currently underway is focused on improved thermal management system designs, developing advanced simulation software package as predictive modeling of actuators, thereby leading to more efficient electric motor designs, and developing more efficient motor control schemes.
II. Thermal Management Systems
An EMA has three main parts (the motor, the motor drive, and the gearbox) each of which has relative inefficiencies which cause heat (Fig. 1) . For steady-state operation, the efficiency is typically 80% for the motor, 93% for the motor drive, and 80% for the gearbox, though for transient operation, the efficiencies may drop significantly.
Figure 1. Steady-state efficiency block diagram
Any thermal management system must be able to address all these sources. Currently, issues that are challenging thermal management designs are choice of heat sinks, transient heat storage, and thermal transport. Commonly used heat sinks have been the aircraft fuel tanks, but these already have a heavy demand for such service in other thermal management systems on board which is further exacerbated by low fuel levels during return flight. Other possible heat sinks include cabin bleed air and windblown wing surfaces. Transient heat storage via phase change materials (PCMs) may be a necessary solution since designing thermal transports and sinks for peak heat loads leads to severely overdesigned thermal management systems especially when the average heat load can be much less than, sometimes one tenth, the peak heat load.
Actually transporting the heat from the source to the sink is also a significant issue especially when the desire is to find a passive solution which does not itself generate heat. Hopeful solutions include heat pipes, loop heat pipes, loop thermosyphon, ram air, etc. T
III. Simulation and Efficient Motor Design
Permanent magnet (PM) motors and switched reluctance motors (SRM) are commonly used motor types for EMAs. Both have the advantage, in terms of thermal management, of small rotor losses due to the absence of rotor windings. This is important because heat transfer from the rotor is extremely difficult due to the high thermal resistance of the air gap between the rotor and stator. Even when the EMA is locked, current will still need to be supplied to the motor stator to provide a torque to balance the load torque. Therefore, heat will still be generated during this locking period. When the EMA is on active duty, there will be much larger current during acceleration and deceleration (or braking) periods than during coasting, and this will result in transient power and heat surges. If the EMA is continuously used during active flight maneuvering, such transient heat may accumulate in local hot spots and cause problems for the motor. Motor losses come mainly from the copper winding losses on the stator, magnetic material core losses (hysteresis and eddy current losses), and depending on the speed frictional losses. However, the exact balance of these sources of heat depends on factors such as speed and load torque.
Obviously, improving the design of the motor for thermal efficiency requires an accurate understanding of exactly what is going on inside the motor and why it is happening. Up until recently, most of this understanding has been limited to lumped element models of the motor in which complex geometries, non-isometric properties, and nonlinear behaviors have been modeled by block diagrams. The thermal loads of an EMA 9-13 were based on steadystate measured values. Yet, it was found that high, peak thermal loads, generated when high control forces were needed, 14 could exceed these steady state values by as much as an order of magnitude. A more accurate method of predicting thermal behavior was needed. The most accurate method of analyzing the thermal generation inside an EMA is a finite element method (FEM) engine, including electromagnetics with non-linearities, rotor dynamics, coupled power electronics, heat transfer, and thermodynamics to simulate the complete electromechanical actuator system (EMAS: the EMA and EU together which both generate significant heat.
15,16 Currently, no commercially available software exists to meet all these needs. Research will push the technical forefront of FEM simulation. As society focuses on energy and power needs, good physical understanding and powerful tools will be instrumental in meeting them.
IV. Motor Control
The other area of efficiency improvement lies in the control of the motor. Many motor control techniques are designed for motors that are expected to run at constant speeds. They are not usually designed for high speed position control, in which the motor will be expected to ramp from 0 to tens of thousands of rpm within a matter of seconds, repeatedly. Servo motor controllers provide a great deal of challenge and opportunity for improvement.
Variable frequency drives commonly depend on pulse width modulation (PWM) techniques to generate a wide range of pseudo-sinusoidal voltage waveforms. Higher switching frequencies result in lower harmonic power losses, which improves the efficiency of the motor. Unfortunately, at very high switching frequencies, the switching losses of the power transistors becomes significant enough that the reduction in controller efficiency outweighs the increase in motor efficiency. So, for any controller-motor pair there is an optimum switching frequency, which means there is also a limiting factor to the overall efficiency. However, continuing developments in high power transistor technology are allowing further increases in this optimum switching frequency.
If the dynamical equations that govern the behavior of the motor were reinterpreted as control equations, everything should behave as expected assuming the motor parameters, such as winding resistance and inductance, used in the control equations are accurate. But these values vary with things such as temperature and load. Several approaches exist to overcome this problem by estimating the parameters. One, very robust technique that quickly readjusts for changes is sliding mode control. This method uses very high gains to adjust for errors, making careful estimation irrelevant. However, a consequence of these high gains is the tendency to create chatter as the controller bounces from one extreme to another in an attempt to quickly reach and hover around zero estimation error. Other control schemes rely on less severe gains to more smoothly reduce error.
Other control techniques include field oriented control and direct torque control. Field oriented control uses PI controls to reduce the current through windings which are exciting magnetic flux in alignment with the rotor, since such flux contributes nothing towards motor torque. This current is called direct current, i d . The desire is the only use quadrature current, i q , which is 90 degrees from direct current. Direct torque control is similar to field oriented control but does not require coordinate transforms. It performs very well but requires more frequent computation cycles.
V. Motor Control Example
Research has produced the following derivation of a field oriented control scheme for position control of a 10 hp, 10 krpm PMSM. The dynamical equations of the PMSM motor are
Our field oriented control scheme uses these equations to develop the control equations. First, equations (3) and (4) are combined to get
which is rearranged into two forms: 
and takes the place of m dω . So, instead of looking at the equations as statements of how things are changing, we decide to look at them as statements of how we want them to change. As long as all other values in the equations match the actual motor parameters, the assumed consequences of our desired changes in a state, such as mechanical angular speed m ω , will accurately reflect how the motor will behave. At this point it is important to point out that because not all factors are known, some PI blocks are included although even the K p and K f (feed forward) coefficient values come directly from the dynamical equations: The 0.003 factor points to the fact that just because an error exists in omega does not mean that we want to correct it in one time step. Also, because our control is for a servo motor, we need to have position control. That is the purpose of the The purpose of the square of theta error term is to create a high gain when the error is great and a small gain when the error is small so that the controller quickly corrects for large error without causing too much overshoot.
Similarly, the other dynamical equations are used to take the new desired current to calculate the new desired direct and quadrature voltages, i is always 0, because we never want to have any current wasted on creating flux that is in line with the rotor's axis.
Figures 2-5 show the performance of the controller over a 10 second period. In Fig. 2 , the desired theta angle is in blue and the actual is in green. The error as a percent of the total range of theta is shown at the bottom. The relatively smooth beginning of the dynamic heat generated from the windings (Fig. 5) shows that the controller has no transients at startup which means both a smooth and a very efficient startup of the motor. The DQ current waveforms (Fig. 6) show that the controller maintains zero direct current, which is critical in reducing wasted energy.
Our control scheme limited the rate of change of current. Both the efficiency and the tracking performance suffered due to the way the motor was controlled. This emphasizes the significance that research in motor control techniques has in improving actuator efficiency and, in the end, thermal design.
VI. Conclusion
All-electric aircraft offer the promise of improved system and component reliability, greater cost savings, and increased overall efficiency. However, the significant hurdle to complete realization of all-electric aircraft is the thermal management of heat loads. Both in implementation and research, the tactic in resolving this difficulty is a holistic approach. Improving heat sink and transport technology is critical, but the source of the heat must also be addressed. However, simply improving the thermal performance of the motor design through accurate analysis and testing is not enough. The way the motor is controlled also plays an enormous role in reducing the thermal load. Technologies like field oriented control and finite element method offer great hope in solving these problems and making all-electric aircraft a reality.
